The objectives of this experiment were to evaluate in vitro DE (IVDE) of selected feed ingredients using a computer-controlled simulated digestion system (CCSDS) and predict DE of ingredients for growing pigs. Samples of 6 ingredients with a wide range in energy and nutrient profile were collected. The CP and GE contents ranged from 9.9 to 50.9% and 4,493 to 4,841 kcal/kg (DM basis), respectively. Two control diets were formulated to achieve different CP contents (12.5 and 20.0%). Three experimental diets were formulated by replacing 20% of the high-CP control diet with corn, wheat, or wheat bran, whereas 3 additional diets were formulated by replacing 20% of the low-CP control diet with soybean meal, rapeseed meal, or cottonseed meal. The DE was determined using barrows (n = 24; initial BW = 35.9 ± 1.9 kg) in 2 periods with 6 observations per diet treatment and ranged from 2,769 to 4,368 kcal/kg. The equation for the DE content (kcal/ kg of DM) using chemical components as independent variables was DE = 4,186 + 0.06 × CP + 79.33 × ether extract -14.57 × NDF -47.99 × ADF, with R 2 = 0.995, residual SD (RSD) = 89.5 kcal/kg, CV = 2.4%, and P = 0.10 (chemical component values; %). The IVDE ranged from 2,289 to 3,724 kcal/kg and was highly related to the determined DE content of the ingredients (R 2 = 0.91, RSD = 193 kcal/kg, and CV = 5.2%). The relationship between IVDE:GEand DE:GE was very high (R 2 = 0.93, RSD = 3.8%, and CV = 4.7%). The average values of CV for IVDE (0.75%) and IVDE:GE (0.73%) were less than that for determined DE (2.58%) and DE:GE (2.54%), respectively. In conclusion, the IVDE content determined, using a CCSDS with relatively high accuracy and acceptable repeatability, might be used to predict DE of feed ingredients for growing pigs.
INTRODUCTION
Corn, wheat, and wheat bran are major sources of energy for pigs, whereas soybean meal, rapeseed meal, and cottonseed meal are used in swine diets mainly as a protein source in China. But the DE content among these feed ingredients can vary greatly (NRC, 1998) . Therefore, accurate prediction of the energy value of feeds is very important to ensure the proper DE content of the diet before formulating a swine diet. And in vitro method that mimics gastrointestinal digestion of pigs is applicable for predicting the DE content of feed ingredients (Boisen and Fernández, 1997) . However, accuracy and repeatability of prediction might be unsatisfactory because in vitro method with more manual procedures could produce results with more errors (Zijlstra, 2006) . The manual in vitro technique often lacks a rational explanation for the variables chosen (Coles et al., 2005) .
A novel in vitro method using a computer-controlled simulated digestion system (CCSDS) has been developed for measuring the energy value of feeds for poultry and pigs. This system has been used successfully to simulate the digestion process in roosters (Zhao et al., 2014a) and ducks (Zhao et al., 2014b) . However, the system has been rarely reported on feed ingredients for pigs. To mimic the stomach-intestinal digestion of pigs, the concentrations of digestive enzymes and ions have been adjusted to equal the content of in vivo digestive fluid in the gastrointestinal tract of growing pigs (Hu et al., 2010; Zhong, 2010) . The main variables of in vitro procedure such as particle size of sample and duration of incubation are also achieved (Zhao et al., 2012; Chen et al., 2013) . To assess the effectiveness of the CCSDS, the present study was conducted to determine in vitro DE (IVDE) of feed ingredients using a 3-step in vitro digestibility technique, to analyze the relationship between the determined DE and IVDE contents of 6 feed ingredients, and to predict the DE content using the IVDE value.
MATERIALS AND METHODS
The experimental protocol was reviewed and approved by the Institutional Animal Care and Use Committee of the State Key Laboratory of Animal Nutrition at the Chinese Academy of Agricultural Science.
Feed Ingredients and Diets
Six ingredients with different concentration of energy and nutrients were chosen for the investigation. Those were corn, wheat, wheat bran, soybean meal, rapeseed meal, and cottonseed meal (Table 1) , and 8 diets were formulated (Table 2) . Because the CP content of corn, wheat, or wheat bran was less than soybean meal, rapeseed meal, or cottonseed meal, 2 control diets based on corn-soybean meal were formulated to contain 20.0 and 12.5% CP. Corn, wheat, and wheat bran diets were formulated by replacing 20% of the high-CP control diet (20.0%) with corn, wheat, or wheat bran, respectively. The 3 additional diets were formulated by replacing 20% of the low-CP control diet (12.5%) with soybean meal, rapeseed meal, or cottonseed meal. Vitamins and minerals were included in all diets to meet or exceed the requirements of growing pigs (NRC, 1998).
Apparent Digestible Energy
Twenty-four growing barrows (Duroc × [Large White × Landrace]; initial BW = 35.9 ± 1.9 kg; Beijing Breeding Swine Center, Beijing, China) were housed in individual pens (1.2 by 1.5 m) and provided water ad libitum. The pigs were randomly allotted to 8 treatment groups with 3 pigs per group in 2 consecutive periods for a total of 48 observations. The pigs were fed 1 of 8 diets during two 11-d experimental periods to obtain 6 measurements per dietary treatment. Pigs were weighed at the beginning and end of each period. All fecal samples were collected via grab sampling from d 6 to 11 of each period and stored at -20°C. The daily feed allowance was adjusted to 3 times the maintenance requirement for energy (i.e., 106 kcal of ME per kg of BW 0.75 ; NRC, 1998). Equal amounts of the diets were fed at 0800 and 1600 h as a wet mash.
In Vitro Digestible Energy Using a ComputerControlled Simulated Digestion System
A CCSDS has been developed in our lab (Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing) and described in detail by Zhao et al. (2014a,b) . The system mainly comprises digestion chambers, peristaltic pump, electronic valves, incubator, and a computer. The main variables of digestion, such as gastric and intestinal fluid, absorption of small molecules, pH, body temperature, and peristaltic mixing, are mimicked. The system is programmed to simulate physiological conditions in the gastrointestinal tract of poultry and pigs based on information obtained from in vivo physiological value of animals. The methodology for the 3-step in vitro digestion assay for pigs using the CCSDS was a modified version of the 2-step protocols for poultry (Zhao et al., 2014a,b) .
In Vitro Gastric Digestion. The 6 feed ingredients were finely ground through a 0.42 mm size screen. Then, 2 g of grains or 1 g of nongrain ingredients and 20 mL of simulated gastric enzyme (1,550 U/mL of pepsin; SigmaAldrich, St. Louis, MO) were added to the dialysis tubing in digestion chambers. Each sample was analyzed in 5 replicates. The digestion chambers were then placed in a shaking bath (180 rpm at 39°C). The gastric buffer solution was prepared with 88.5 mmol/L of NaCl, 6.6 mmol/L of KCl, and 10 mmol/L of HCl to match the in vivo ionic concentration of gastric fluid from growing pigs, and the pH of the solution was adjusted to 2.0 using 200 mmol/L of HCl at 39°C. The 1,000 mL of buffer solution was pumped (120 mL/min) by a peristaltic pump into the digestion chambers. Enzymatic hydrolysis was performed at 39°C for 4 h. This step of the procedure represented the digestion process in the stomach. Then, an emptying procedure and 4 replicated washing procedures were performed. In Vitro Small Intestinal Digestion. A mixture enzyme solution including 221.4 U/mL of amylase (SigmaAldrich), 69.1 U/mL of trypsin (Amersco, Solon, OH), and 8.7 U/mL of chymotrypsin (Amersco) was used for in vitro digestion of feeds in the small intestine. The activity of enzymes in this mixture solution was equal to 11 times of that in the small intestinal fluid of growing pigs (Hu et al., 2010) . The small intestinal buffer solution was prepared with 98.7 mmol/L of NaCl, 16.4 mmol/L of KCl, 170 mmol/L NaH 2 PO 4 , and 30 mmol/L Na 2 HPO 4 to match the in vivo ionic concentration of small intestinal fluid from growing pigs (Hu et al., 2010) , and the pH of this solution was adjusted to 6.44 using 200 mmol/L of NaOH or 200 mmol/L of HCl at 39°C. A total of 1,000 mL of buffer solution were added into the digestion chambers, and 2 mL of freshly prepared simulated small intestinal enzyme were injected into the dialysis tubing in digestion chambers. The incubation time was 16 h. This step of the procedure mimicked the digestion processes in the small intestine. Similarly, an emptying procedure and 4 replicated washing procedures were performed.
In Vitro Large Intestinal Digestion. The simulated large intestinal enzyme was a multi-enzyme mixture (Viscozyme, Sigma V-2010; Sigma-Aldrich), which included arabanase, cellulase, β-glucanase, hemicellulase, and xylanase. The enzyme concentration based on 0.08 U/mL of cellulase in the enzyme mixture to match the in vivo cellulase activity of large intestinal fluid from growing pigs (Zhong, 2010) . The large intestinal buffer solution contained 102.4 mmol/L of NaCl, 12.2 mmol/L of KCl, 30 mmol/L Na 2 HPO 4 , and 170 mmol/L NaH 2 PO 4 to match the in vivo ionic concentration of large intestinal fluid from growing pigs (Zhong, 2010) , and the pH was adjusted to 6.42 using 200 mmol/L of NaOH or 200 mmol/L of HCl at 39°C. A total of 1,000 mL of this solution were added into the digestion chambers. The 2 mL of freshly prepared simulated large intestinal enzyme was injected into digestion chambers. The incubation time was 3.5 h. This step of the procedure simulates the digestion processes in the large intestine. Then, an emptying procedure and 6 replicated washing procedures were performed. The undigested residues in the dialysis tubing were transferred into a preweighted glass petri dish (10 cm diameter) and dried overnight at 65°C and then dried at 105°C for 5 h to constant weight. The dry residues were transferred to a preweighted fritted glass filter crucible (Changchun Glass Production, Changchun, China) to wash 4 times with 45 mL of ethanol (≥99.7%). The crucibles were dried at 105°C for 5 h, cooled in the desiccator, and weighed to measure nutrient contents in the residues (Zhao et al., 2014a,b) .
Chemical Analyses and Calculations
At the conclusion of each period, fecal samples were thawed and mixed within animal and diet, and a subsample was collected for chemical analysis and stored at -20°C. Samples of ingredients and diets were analyzed for DM (method 930.15; AOAC, 2007) , CP (method 990.03; AOAC, 2007) , ether extract (method 996.01; AOAC, 2007), ash (method 942.15; AOAC, 2007) , ADF (method 973.18; AOAC, 2007) , and NDF (Holst, 1973) . The concentration of GE in the ingredients, diets, feces, and undigested residue samples were determined using an adiabatic bomb calorimeter (model 6400; Parr Instrument, Moline, IL).
The DE (kcal/kg of DM) in the corn, wheat, wheat bran, soybean meal, rapeseed meal, and cottonseed meal was calculated by the difference procedure according to the following equation (Noblet and Van Milgen, 2013) :
in which DE assay is the DE in the assay diet (kcal/kg of DM), DE control is the DE in the control diet (kcal/kg of DM), and Energy control is the contribution of energy from the control diet to the assay diet (decimal). In vitro DE was calculated for the digested and undigested residues in the feed as described previously according to the following equation (Zhao et al., 2014a) : IVDE = [(sample DM weight × sample GE) -(residue DM weight × residue GE)]/sample DM weight.
Statistical Analyses
Correlation coefficients between the energy value and chemical components of feeds and between the in vivo and in vitro energy value were calculated using CORR procedure (SAS Inst. Inc., Cary, NC). The REG procedure of SAS was used to develop regression equations to predict the energy value based on chemical components. The ingredient was considered as the experimental unit for linear regression analyses. The REG procedure of SAS was also used to develop regression equations to predict the DE content based on IVDE and predict the DE:GE content based on IVDE:GE. The R 2 value and residual SD (RSD) were used as an indicator of quality of the prediction equation.
RESULTS

Chemical Characteristics
The chemical components of the ingredients are given in Table 1 . The GE ranged from 4,493 to 4,841 kcal/ kg of DM. The contents of CP, ether extract, crude fiber, ash, NDF, and ADF of the 6 ingredients samples ranged from 9.9 to 50.9%, 0.5 to 8.2%, 2.3 to 14.0%, 1.8 to 9.5%, 8.9 to 29.3%, and 3.6 to 20.2%, respectively. The content of ADF and NDF had the greatest CV among the chemical characteristics.
The Relationship between the Energy Value and Chemical Characteristics
The determined DE of 6 feed ingredients ranged from 2,769 to 4,368 kcal/kg of DM and corresponded strongly with DE:GE (r = 0.96, P < 0.01; Table 3 ), which ranged from 65.3 to 96.7%. The relationship between the determined DE and chemical characteristics was strong for ADF (r = 0.86, P < 0.05), NDF (r = 0.82, P < 0.05), and crude fiber (r = 0.79, P = 0.06). The correlation coefficients between the DE and other determined chemical characteristics were less than 0.60. The correlation coefficients between DE:GE and chemical components were greatest for NDF (r = 0.93, P < 0.01), ADF (r = 0.82, P < 0.05), and crude fiber (r = 0.80, P < 0.05). The correlation coefficients between DE:GE and other listed chemical components were less than 0.50.
Based on correlation coefficients between the energy value and chemical components, prediction equations for the energy value were generated using CP, ether extract, NDF, and ADF as independent variables (Table 4 ). The R 2 of prediction equations were high for DE:GE (0.997, RSD = 1.4%, and P = 0.08), DE (0.995, RSD = 89.5 kcal/kg of DM, and P = 0.10), and GE (0.976, RSD = 41.8 kcal/kg of DM, and P = 0.23), respectively.
The Relationship between the In Vitro and In Vivo Energy Value
The mean of IVDE of 6 ingredients determined using the CCSDS in quintuplicate was 3,117 kcal/kg of DM. The IVDE ranged from 2,289 to 3,724 kcal/kg of DM (Table 5 ). The correlation coefficient between IVDE and IVDE:GE was very high (r = 0.98, P < 0.01). The IVDE was highly related (R 2 = 0.91, RSD = 193 kcal/kg of DM, CV = 5.2%, and P < 0.01; Fig. 1 ) to the DE content. And the differences between determined and predicted DE for 6 calibration samples were smaller than 248 kcal/kg of DM (Table 5) . The relationship between in vitro OM digestibility (IVOM) and DE was also very strong (R 2 = 0.91, RSD = 205 kcal/kg of DM, CV = 5.5%, and P < 0.01).
The IVDE:GE ranged from 49.9 to 84.0%, and the mean was 68.9%. The relationship between IVDE:GE and DE:GE was high (R 2 = 0.93, RSD = 3.8%, CV = 4.8%, and P < 0.01; Fig. 2 ). All 6 calibration samples showed the differences between determined and predicted energy digestibility, but the differences were smaller than 6.0% (Table 5 ). The IVOM was highly related (R 2 = 0.94, RSD = 3.5%, CV = 4.2%, and P < 0.01) to the DE:GE.
The average CV (0.75%) for IVDE was less than the average CV (2.58%) for determined DE values in the 6 ingredient samples (Table 6 ). The average CV (0.73%) for IVDE:GE was also less than that for determined DE values (2.54%). The difference (0.86%) in CV for IVDE between the greatest and least values was less than the difference (4.15%) in CV for determined DE, and the difference (0.82%) in CV for IVDE:GE was also less than that for determined DE (4.64%).
DISCUSSION
A wide range in the chemical characteristics, DE content, and DE:GE of the feedstuff samples is very important for the development of equations to accurately predict the DE within a particular feedstuff (Regmi et al., 2008 (Regmi et al., , 2009 ). The ingredient samples in the present study also had a wide range in chemical characteristics, DE content, and DE:GE. For example, the DE and ADF contents in this study ranged from 2,769 to 4,368 kcal/kg DM and 3.6 to 20.0%, respectively. Noblet et al. (1993) reported the DE and ADF contents of feed ingredients ranges from 2,859 to 4,113 kcal/kg and 1.6 to 13.0%, respectively. Among chemical characteristics, the ADF content had been suggested as the best predictor of the DE content (Fairbairn et al., 1999) . In the present study, the relationship between DE and chemical characteristics was also greatest for ADF. Interestingly, the correlation coefficients between DE and fiber components were greater than those reported in the literature (Noblet and Perez, 1993; Regmi et al., 2008 Regmi et al., , 2009 , perhaps because of the relatively large range of fiber concentrations in ingredient samples used in the present study (Park et al., 2012) .
The DE content can be predicted directly from chemical characteristics of feeds (Noblet and Perez, 1993) . Based on the relationships between the DE value and chemical components, the R 2 of prediction equations for the DE content was very high using CP, ether extract, NDF, and ADF as independent variables. The prediction equation for DE did not include ash, which agrees with the observation that ash was not used in the prediction equation (NRC, 1998; Sauvant et al., 2004) . The R 2 in the present study was greater than that reported for a DE prediction model based on chemical characteristics of 114 ingredients (R 2 ≤ 0.94; Noblet et al., 1993) . The RSD can be used to evaluate the accuracy of prediction models (Carré, 1990) . The less RSD, the better fitting is the model (Kaps and Lamberson, 2004) . The RSD in the present study was less than that reported for a GE prediction model based on chemical characteristics of 4 diets including corn-soybean meal, copra meal, palm kernel meal, and cassava root (RSD = 102 kcal/kg, R 2 = 0.93; Park et al., 2012) . However, regression equations based on chemical characteristics of feeds may not be applicable or dependable in practice (Regmi et al., 2008 (Regmi et al., , 2009 . It is limited by the accuracy of the analytical methods because of the errors associated with analyses among laboratories and the delay necessary to realize the analyses (Zijlstra, 2006; Noblet and Jaguelin-Peyraud, 2007 ). An in vitro method that simulates gastrointestinal digestion of pigs is applicable for predicting the DE content of feed ingredients (Boisen and Fernández, 1997) . Good correlation between in vivo-and in vitro-determined values is critical to develop an in vitro digestibility procedure for predicting the DE content of feed ingredients (Boisen and Eggum, 1991) . Equations have been developed using IVDE:GE value within cereal grains to predict the DE:GE value. The relationship between determined DE:GE and IVDE:GE for 6 ingredients in the present study was stronger than that for 21 barley samples (R 2 = 0.81; Regmi et al., 2008) and 20 wheat samples (R 2 = 0.54 or R 2 = 0.73; Regmi et al., 2009) . One Table 5 . The in vitro, in vivo (determined), and predicted DE (kcal/kg) 1 IVDE = in vitro DE; WB = wheat bran; SBM = soybean meal; RSM = rapeseed meal; CSM = cottonseed meal; RSD = residual SD.
2 The values were determined with 5 observations per sample.
3 The values were determined with 6 observations per sample. 4 The values were calculated according to the equation DE = 0.95 × IVDE + 778.03 (R 2 = 0.91, P < 0.01).
5 Difference was calculated as determined -predicted. 6 The values were calculated according to the equation DE:GE = 0.88 × IVDE:GE + 21.28 (R 2 = 0.93, P < 0.01). reason for the greater R 2 in the present study may be a much narrower range in DE:GE of barley (26.6%; Regmi et al., 2008) and wheat (11.2%; Regmi et al., 2009 ) compared with in DE:GE of ingredients in this study (31.4%). The IVOM has been used to predict the DE content and DE:GE of compound feeds and individual feedstuffs. The R 2 (0.91) between IVOM and DE content in the present study was greater than that value (0.60) among compound pig diets reported by Noblet and Jaguelin-Peyraud (2007) . The relationship between IVOM and DE:GE reported in this study (R 2 = 0.94) was stronger than that value (R 2 = 0.68) within 32 feedstuffs reported by Boisen and Fernández (1997) or the value (R 2 = 0.77) reported by Noblet and Jaguelin-Peyraud (2007) . The relationship between IVOM and DE:GE for copra meal, palm kernel meal, cassava root, and 4 diets including these 3 ingredients (R 2 = 0.94; Park et al., 2012) was also less than that value in the present study (R 2 = 0.94). The RSD (3.8%) in the predicting equation for DE:GE using the IVOM in the present study was less than the value reported earlier (7.8%; Boisen and Fernández, 1997) .
Apart from good correlation, repeatability of analyses for in vitro method is also very important. The CCSDS reduces the variability of the obtained values by repeatedly measuring the enzymatic digestibility of feed (Zhao et al., 2014a) . The CV for the IVDE and IVDE:GE were less than the determined DE and DE:GE values in the present study. Moreover, the relative error of IVDE:GE using the CCSDS for 6 ingredients (ranging from 0.2 to 0.6% and averaged 0.5%; data not shown) was also less than the observation using a manual procedure in vitro digestion model for 21 barley samples (from 0.2 to 2.7%), 6 barley samples (from 0.2 to 1.1%, Regmi et al., 2008) , or wheat samples (from 0.2 to 2.2%, Regmi et al., 2009) . Therefore, repeatability of IVDE:GE using the CCSDS is also better than previous results in literature data, which indicates that less-manual procedures can produce results with less error (Zijlstra, 2006; Zhao et al., 2014a,b) .
The CCSDS has been used successfully in simulating the digestion process for poultry and in vitro energy value is very close to the determined ME content of feedstuffs for roosters and ducks (Zhao et al., 2014a,b) . However, the IVDE value using a CCSDS was less than the determined DE content of ingredient for pigs in this study, which may result from an underestimation of real digestion or fermentation of nonstarch polysaccharides (NSP) in feed ingredients. The ingredients with the greater NDF content (e. g., 42.2% in wheat bran) had a wider gap between the determined and predicted DE value for wheat bran in the present study. Meunier et al. (2008) similarly reported that IVOM of 6 diets with the different content of NSP using a dynamic in vitro model was less than in vivo OM digestibility and the difference between in vivo and IVOM increased as the level of NSP in the diet increased. A multi-enzyme complex was used as the third step to mimic hindgut fermentation in this study, and the NSP enzymatic activity of the complex might not be enough to properly digest the high NSP content of samples (Noblet and Jaguelin-Peyraud, 2007; Regmi et al., 2008) . The gap between the determined DE and IVDE using a CCSDS indicated that further improvement in accuracy of prediction can be achieved via using the proper combination and proportion of NSP enzymes to simulate hindgut fermentation. The high R 2 and acceptable repeatability of the analysis indicate that the present in vitro digestibility technique can serve as a reference analysis for developing equations or calibration of technologies to rapidly predict the DE content and IVDE:GE of ingredients for growing pigs. The next important step is to determine the IVDE content of a wide range of feed ingredients using a CCSDS and develop a global prediction equation based on the determined DE value in a nationally collaborative project.
In conclusion, the CCSDS is a dynamic machine that can be used for investigating the IVDE value of feed ingredients for growing pigs. Repeatability is acceptable for IVDE determined by the CCSDS. A 3-step enzymatic method with the CCSDS can predict the DE content of common ingredients in grower pigs with relatively accuracy and little variability. In vitro method using the CCSDS may also be useful as the reference analysis to calibrate rapid analytical equipment using a near-infrared reflectance spectroscopy and to predict the DE content of feed ingredients. AOAC. 2007 . Official methods of analysis of AOAC International.
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